Photoreflectance and contactless electroreflectance measurements of semiconductor structures by using bright and dark configurations Rev. Sci. Instrum. 80, 096103 (2009) Photoreflectance ͑PR͒ of surface-intrinsic-n ϩ (s-i-n ϩ ) type doped GaAs has been simulated by electroreflectance ͑ER͒. The simulated spectra of the s-i-n ϩ sample have exhibited many FranzKeldysh oscillations, which enable the electric field ͑F͒ to be determined. It is known that F's determined from PR are subjected to photovoltaic effect and the measured F is close to F bi Ϫ␦F/2 when the modulating field, ␦FӶF bi , where F bi is the built-in field of the sample and ␦F is the modulating field. In this work, we have investigated the relation between the measured F and ␦F not only for the region where ␦FӶF bi holds, but also for a whole range of ␦F. In order to determine the magnitude of ␦F, we have used ER to simulate PR, that is, the measurements of ER under a forward bias, which is set to be equal to ␦F/2.
I. INTRODUCTION
Modulation spectroscopy [1] [2] [3] [4] [5] is an important technique for the study and characterization of semiconductor properties. It can yield sharp structures around the critical points and is sensitive to the surface or interface electric fields. Among them, electroreflectance ͑ER͒ is used to modulate the electric field strength of samples and photoreflectance ͑PR͒ is thought of as a form of contactless ER.
For a medium field strength, the PR or ER spectra exhibit Franz-Keldysh oscillations ͑FKOs͒ above the band gap energy. The electric field strength ͑F͒ in the depletion region can be deduced from the periods of FKOs. 6 It is known that the PR or ER of surface-intrinsic-n ϩ type doped (s-i-n ϩ ) GaAs exhibit many FKOs and they were attributed to the existence of a uniform electric field in the undoped layer. [7] [8] [9] [10] [11] The slow decay of FKOs with energy will allow the more accurate determination of F by using fast Fourier transform technique. 12, 13 Although PR has the advantage of being contactless, it cannot exclude the photovoltaic effect from the pump and probe beams, 7, 14 especially from the pump beam for its higher intensity. The photovoltage, which was produced by electron-hole pairs generated by the pump and probe beams, will oppose the original built-in voltage. Hence the F in the depletion region is reduced and almost equal to F bi Ϫ␦F/2 when ␦FӶF bi , 15 where F bi is the built-in field of the sample and ␦F is the strength of the modulating field. Therefore, in order to reduce the photovoltaic effect, the power densities of the pump ( P pu ) and probe beams were kept below 10 W/cm 2 in the previous measurements. 16 Recently, we have used fast Fourier transform ͑FFT͒ technique to study the dependence of F and FFT line shape on P pu . 17 However, it is difficulty to estimate ␦F in the PR measurements. In order to know precisely the magnitude of ␦F, we have simulated PR by ER, that is, by applying the sample at a sum of a modulating square wave with amplitude V ac and a forward bias with the amplitude of V ac /2.
II. EXPERIMENT
The s-i-n ϩ GaAs sample used in this experiment was grown on a n ϩ -type GaAs͑100͒ substrate by molecular beam epitaxy ͑MBE͒. A 1.0 m n ϩ -doped GaAs buffer layer was first grown on this substrate, followed by a 1200 Å undoped GaAs cap layer. The gold film was deposited by a hot filament evaporation and the thickness estimated to be about 70 Å.
The experimental setup for the PR measurements, which is similar to that previously described in the literature, 5 will be described briefly. Light from a 200 W tungsten lamp was passed through a 500 mm monochromator ͑Acton spectra Pro-500͒. The exit light was defocused onto the sample by a lens. The reflected light was collected by a lens to focus onto a Si photodiode detector. The sample was modulated at 400 Hz by a combination of a square wave and a forward bias with an amplitude of half that of the square wave. The photodiode signal was composed of a dc component ͑R͒ and an ac component (⌬R). The dc component ͑R͒ was measured by an analog to digital converter card of an IBM compatible personal computer. The output of the photodiode was also fed into a lock-in amplifier ͑Stanford Research System SR 830͒ to measure the modulated ac signal (⌬R). The entire system was controlled by the personal computer. 
III. LINE-SHAPE THEORY
The line shape of electromodulation is a response of field-induced change of the reflectivity, which is written as
in which ␣ and ␤ are the Seraphin coefficients, and ␦⑀ 1 and ␦⑀ 2 are the modulation induced changes in the real and imaginary parts, respectively, of the complex dielectric function. Near the band edge, E 0 , of GaAs, ␤Ϸ0 and ⌬R/R Ϸ␣␦⑀ 1 .
In the case of a flatband condition under an electric field F, ⌬⑀ is defined as
where E is the photon energy.
Near the E 0 transition of GaAs, ⌬⑀ is given by
where iϭhh or lh, standing for the heavy-and light-hole contributions, respectively, the B i are parameters which contain the interband optical transition matrix elements, E g is the energy gap, and ប i is the electro-optic energy as given by
in which hh and lh are the reduced masses of heavy, light holes and electron in the direction of F, respectively. In the case of a uniform built-in electric field F bi and a modulation field ␦F, it was proposed that
͑6͒
The main difference between ER and PR is that the former is the difference between the dielectric constant of F bi ϩ␦F/2 and F bi Ϫ␦F/2, whereas the latter is that of F bi and F bi Ϫ␦F. We can simulate PR by ER under the condition that the sample is at a forward bias of ␦F/2, that is,
The electric fields can be obtained by applying the fast Fourier transform to the PR spectra. This approach has the advantage of determining F without the ambiguity of choosing . The frequency, f, evaluated from the Fourier transform is related to F by
where iϭhh or lh, standing for the heavy-and light-hole contributions, respectively.
IV. RESULTS AND DISCUSSIONS
The ER simulated PR spectra and the corresponding FFT of s-i-n ϩ GaAs for various V ac are shown in Figs. 1 and 2 , respectively. The spectra of low values of V ac exhibit many FKOs above the band gap energy. This is due to a uniform field existing in the undoped layer. The positions of the extrema of FKOs are labeled by the index numbers. The beat in the FKOs result from the different oscillation frequencies associated with the transitions of the heavy and light holes, due to different values. Their FFT spectra are resolved into two peaks, which corresponds to heavy-and light-hole transitions, respectively.
The advantage of using ER to simulate PR is that the magnitude of ␦F can be determined more precisely. We have measured ER spectra at various bias (V bias ). The F's thus obtained, which were deduced from the periods of FKOs of ER spectra, are shown in Fig. 3 plotted against V bias . These are close to being linear which show that the field in the undoped layer is nearly uniform. From the relation between F and V bias ͓F͑V/cm͒ϭ76919 ͑V/cm͒Ϫ80877 (1/cm) ϫV bias (V)], V ac can be transformed to ␦F in the following way: ␦F ͑V/cm͒ϭ80877 (1/cm)ϫV ac ͑V͒. According to Eq. ͑8͒, the evaluated F vs ␦F is shown in with increasing ␦F. Region III is when ␦Fу24263 V/cm (V ac у300 mV), F becomes close to the value of F when ␦F approaches zero.
According to Eq. ͑6͒, ␦⑀ PR is the difference between ⌬⑀ 1 (E,F bi ) and ⌬⑀ 1 (E,F bi Ϫ␦F). When ␦F is increased, the transformed peak will become broader, as shown in Fig.   2 . The broadening comes from two reasons. One is when ␦F increases, the peaks corresponding to ⌬⑀ 1 (E,F bi ) and ⌬⑀ 1 (E,F bi Ϫ␦F) will be separated more. The other is when ␦F increases, the amplitude of FKOs will damp out faster with energy so that the effective width for the FFT becomes narrower. Thus the transformed spectrum will become broader. This is known from the fact that if the width of the finite wave train is ⌬E, then the bandwidth of its FFT spectrum is 4/⌬E. In region I, the data are fitted by a line whose equation is expressed as Fϭ75747 V/cmϪ0.47ϫ␦F. When ␦FӶF bi , the frequencies of the FKOs are only slightly different. Hence the peaks corresponding to ⌬⑀ 1 (E,F bi ) and ⌬⑀ 1 (E,F bi Ϫ␦F) will be merged into one peak. The value of the center of the merged peak will be close to the one corresponding to ⌬⑀ 1 (E,F bi Ϫ␦F/2). 15 Hence FϷF bi Ϫ␦F/2 when ␦FӶF bi . Here, we take the value of the intercept as
In region II, where ␦F becomes larger, it has two effects on the FFT spectra. One is the frequency of ⌬⑀ 1 (E,F bi ) will become more different from that of ⌬⑀ 1 (E,F bi Ϫ␦F). The other is the amplitude of ⌬⑀ 1 (E,F bi ) will be greater than that of ⌬⑀ 1 (E,F bi Ϫ␦F). This is because, according to Eqs. ͑3͒ and ͑4͒, ⌬⑀ 1 (E,F) is proportional to F 1/3
. Hence, when ␦F is increased, ⌬⑀ 1 (E,F bi ) will become more dominant. The merged peak will be more unsymmetrical as ␦F is increased.
The value of the peak will be closer to that corresponding to ⌬⑀ 1 (E,F bi ). Hence, the evaluated F will increase with ␦F.
In region III, the frequencies of ⌬⑀ 1 (E,F bi ) and ⌬⑀ 1 (E,F bi Ϫ␦F) are so different that they become separable. Also, the amplitude of ⌬⑀ 1 (E,F bi ) will become even larger than that of ⌬⑀ 1 (E,F bi Ϫ␦F). Hence, the peak corresponding to ⌬⑀ 1 (E,F bi ) will be affected little by that of ⌬⑀ 1 (E,F bi Ϫ␦F). Thus the F evaluated from the main peak of FFT is close to that of ⌬⑀ 1 (E,F bi ).
V. CONCLUSION
Photoreflectance of s-i-n ϩ GaAs has been simulated by electroreflectance. The FFT can be divided into three regions. Region I is when ␦FϽ16175 V/cm (V ac Ͻ200 mV), F is close to F bi Ϫ␦F/2 and the FFT line shape can be clearly resolved into two peaks, which corresponds to heavy-and light-hole transitions, respectively. Region II is when 16175 V/cmр␦FϽ24263 V/cm (200 mVрV ac Ͻ300 mV), F increases with increasing ␦F and the line shape of the heavy-hole transition becomes more unsymmetrical. Region III is when ␦Fу24263 V/cm (V ac у300 mV), F becomes close to F bi and the main peak of the heavy-hole transition becomes the most dominant one.
